Study Objectives: To investigate the changes in cortical neural responses induced by external inputs during phasic rapid eye movement (p-REM) sleep. Methods: Single-pulse electrical stimulation (SPES) was directly applied to the human cortex during REM sleep through subdural electrodes, in seven patients who underwent invasive presurgical evaluation for intractable partial epilepsy. SPES was applied to parts of the cortex through the subdural electrodes, and induced cortical responses were recorded from adjacent and remote cortical areas. Phase-locked corticocortical-evoked potentials (CCEPs) and nonphaselocked or induced CCEP-related high gamma activity (CCEP-HGA, 100-200 Hz), which are considered proxies for cortical connectivity and cortical excitability, respectively, were compared among wakefulness, p-REM (within ±2 seconds of significant bursts of REM), and tonic REM (t-REM) (periphasic REM) periods. Results: During REM sleep, SPES elicited a transient increase in CCEP-HGA, followed by a subsequent decrease or suppression. The HGA suppression during both p-REM and t-REM was stronger than during wakefulness. However, its suppression during p-REM was weaker than during t-REM. On the other hand, the CCEP waveform did not show any significant difference between the two REM periods. Conclusions: Cortical excitability to exogenous input was different between p-REM and t-REM. The change of the cortical excitability in p-REM was directed toward wakefulness, which may produce incomplete short bursts of consciousness, leading to dreams.
INTRODUCTION
Rapid eye movement (REM) sleep is characterized by bursts of REMs, muscle atonia, 1 and more dreams that can be recalled after waking up than other sleep stages. 2, 3 This has made it an interesting target for sleep research. Within REM sleep, the period when the bursts of REMs are seen is called phasic REM (p-REM), whereas the remaining period of REM sleep is called tonic REM (t-REM). p-REM is more relevant to dreaming, 3 and it has recently been shown that neuronal activities in the medial temporal lobe during p-REM have many properties in common with those observed during saccades and vision in wakefulness. 4 Another recent study reported that the electroencephalographic activation pattern in the motor cortex during p-REM is similar to that observed during voluntary movements performed while awake. 5 These recent observations have helped articulate other unsolved questions: "Is phasic REM similar to wakefulness in the human cortex as a whole?" or "What kind of cortical status underlies these observations related to phasic REM? " We hypothesized that cortical behaviors such as neuronal activities induced by exogenous inputs during p-REM are more similar to those observed during wakefulness than to those observed during t-REM. In order to investigate this, we performed single-pulse electrical stimulation (SPES) of the human cortex through subdural electrodes that were implanted for presurgical evaluation in patients with intractable partial epilepsy. SPES of the human cortex can induce cortical responses that last for several hundred milliseconds at adjacent and remote cortical areas; these responses are called corticocortical evoked potentials (CCEPs). [6] [7] [8] [9] [10] [11] CCEPs are generated at adjacent and remote cortical areas via direct corticocortical propagation from the stimulus site rather than through the ascending pathway and have been used to provide dynamic indices of direct cortical connectivity in humans in vivo. 12, 13 On the other hand, high gamma activity (HGA) (100-200 Hz) is considered to be an index of neuronal firing/synchrony right underneath the recording electrode in cognitive neuroscience.
14-18 SPES-induced HGA was not analyzed in much of previous studies, 19 but we recently revealed SPES-induced HGA showed different frequency profiles when the external stimulus was applied peripherally at the median nerve and conveyed through the ascending pathway or applied cortically at the adjacent cortex and conveyed through corticocortical fibers. 20 Therefore, recording SPES-induced CCEPs and the HGA superimposed on these CCEPs (CCEP-related HGA) through
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subdural electrodes provides us with a unique opportunity to explore the dynamic change of neuronal activity via cortical networks with a high spatiotemporal resolution in the human brain. Based on this rationale, we delivered SPES to the cortex in patients with epilepsy during sleep and analyzed both CCEP and CCEP-related HGA. 21 In this SPES method, each trial lasts for only 1 second, allowing easy classification of sets of trials into corresponding sleep stages across the dynamically changing sleep stages. Our previous work showed that SPES induces decreased HGA following an initial HGA increase and that it is potentiated during sleep stages (both non-REM sleep and REM sleep) as compared to that during wakefulness. REM sleep is an intermediate state between wakefulness and non-REM sleep. We concluded that neuronal activity induced by exogenous inputs is suppressed to a greater extent during sleep than during wakefulness. A theory called integration information theory argues that unity of information is required to give rise to consciousness. 22 Based on this theory, we suggest that the potentiated suppression to external input during sleep might prohibit further signal processing within the same cortical region and integration of information among cortical areas, leading to a state of unconsciousness.
In the present study, we reanalyzed the data from our previous study to further compare the difference among SPES-induced activities during wakefulness, the p-REM and t-REM periods. We expected that data obtained directly from cortical areas using our unique method would help us understand the dynamic change of cortical neuronal networks at the very moment of REM (p-REM) by explicitly dissociating it from t-REM and also provide unprecedented suggestions about dreams.
METHODS
This study is a subanalysis of the pooled data used in our previous study. 21 We referred to the sleep stages that have been defined for that study according to a standard Rechtchaffen & Kales (R&K) sleep staging criteria. 23 The method is described in detail in our previous publication. The novel or noteworthy aspects of the methods for this particular study are mentioned below.
Patients
Nineteen consecutive patients who underwent invasive presurgical evaluation of intractable partial epilepsy using subdural electrodes were recruited from February 2010 through March 2013 in our hospital. Among them, 11 patients (six men and five women, 22-44 years) provided written informed consent and were recruited to the previous study. The protocol conformed to the Declaration of Helsinki and was approved by the Ethics Committee of our Institute (IRB#443). Seven patients (see Table 1 for the profiles) were eligible for this study based on the following criteria: (1) REM was detected during the night, based on sleep staging; (2) sufficient data were available from p-REM and t-REM (see the next two sections).
CCEP Recording
The CCEP methodology is described in detail elsewhere. 7, 8, 11 Briefly, direct electrical cortical stimulation was applied in a bipolar manner to a pair of adjacently placed subdural platinum electrodes (interelectrode distance: 1 cm, recording surface diameter: 2.3 mm, AD-TECH, Wisconsin) using a constant-current stimulator (MS-120B/MEE-1232, Nihon Kohden, Tokyo, Japan) ( Figure 1A ). The single-pulse electrical stimuli (square wave pulse: 0.3-ms duration) were delivered in alternating polarity at a fixed frequency of 1 Hz. In the daytime, CCEPs were recorded to identify the functional and seizure networks by stimulating majority of the implanted electrodes for research and clinical purposes. 20 We used the highest intensity (maximum: 15 mA) at which (1) patients did not notice the stimulation and no symptoms were evoked, (2) the adjacent electrodes did not show artifacts that would prohibit recording, and (3) no afterdischarges were induced. Intensity was adjusted in increments of 1 or 2 mA. Electrocorticograms (ECoGs) were referenced to a scalp electrode placed on the skin over the mastoid process contralateral to the implantation site and were sampled at 1000 Hz (patients 5 and 6) or 2000 Hz (other patients) with a bandpass filter of 0.08-300 Hz or 0.08-600 Hz, respectively. The ECoGs were averaged time locked to the stimuli (analysis window: −300 to +700 ms) offline ( Figure 1B) . One or two stimulus sites (total of seven sites) were selected for the night-time CCEP study in each patient ( Table 1 ). The selection criteria of stimulus sites were as follows: (1) sites away from the epileptic focus and (2) sites that produced discrete CCEP responses in the adjacent (local CCEP field) and/or distant (remote CCEP fields) regions. Single electrical pulses were delivered through the predetermined stimulus sites during wakefulness, REM, and non-REM sleep stages. One stimulation set, that is, one SPES session, usually comprised 50-100 pulses. In general, 200-400 electrical pulses were delivered during each sleep stage. The stimulation intensity was fixed for each stimulus site throughout the night. CCEPs were recorded during wakefulness, REM, and non-REM sleep stages. In the present study, we focused on the wakefulness and REM sleep stages.
Definition of p-REM/t-REM Periods
No authorized definition to segregate p-REM and t-REM periods exists at present. Therefore, in order to investigate the specific effect of p-REM on SPES-induced responses, p-REM during the SPES session was strictly defined in this study as follows ( Figure 1C ). First, electrooculogram (EOG) data were low-pass filtered at 5 Hz to remove the stimulation artifact. Next, the distribution of EOG amplitude in each continuous REM period was calculated. Then, among the visually detected REMs, REMs including the period exceeding three standard deviations of the amplitude were marked. p-REM was defined as being within ± 2 seconds of this period. Since the polarity of the stimulus pulse is alternating and its artifacts differ between even and odd trials, the same numbers of even and odd trials should be performed to reduce the stimulation artifact. Based on this, when the defined p-REM period included differing numbers of even and odd trials, we added a trial to counterbalance the number for artifact removal. t-REM period was defined as the period juxtaposed before and after a p-REM period. The number of trials was adjusted so that the trial number matched the trial number in the p-REM period. When trials in t-REM periods were too few in a single SPES session (50-100 trials) and the trial number did not reach the same number, the rest of the trials were taken from the next SPES session within the same contiguous REM sleep session. For the purpose of this study, we only included patients in whom we were able to obtain 20 trials in both, p-REM and t-REM periods per stimulus site, keeping in mind that at least 20 trials per stimulation site are needed to ensure reproducibility according to previous experiences from our and other institutes. 24, 25 Representative Indices of CCEPs Representative indices used in this study are the same as those used in the previous study. 21 CCEP often comprises first sharp (N1) and then slow (N2) negative components. 7, 8, 11 The troughs or positive sharp reflections before and after the N1 peak were termed P1 and P2, respectively ( Figure 1D ). Since we aimed to clarify the effect of p-REM on changes of these typical components, the analysis sites were selected based on the following criteria: (1) the sites were not involved in the seizure onset zone; (2) N1 was clearly distinct from both the stimulus artifact and N2; (3) CCEP responses were significantly large: at least one of the absolute values of P1, N1, P2, or N2 peak exceeded six standard deviations from the baseline 24, 26 ; and (4) When more than one electrode fulfilled (1-3) in each separate CCEP field, we selected only the one with the maximum amplitude (N1 and/or N2) that represents the particular connectivity from each CCEP field based on our previous study.
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CCEPs were averaged time locked to the single-pulse stimuli in the same sleep stage (analysis window or epoch: −300 to +700 ms from the onset of stimulation, baseline: −300 to -100 ms), and thus one mean CCEP was produced in each period (wakefulness, p-REM, and t-REM) per analysis site. We used the trials from which electromyogram artifacts, and epileptic discharges had already been removed. The areas under the curve of the N1 and N2 components were calculated for the representative CCEP indices and termed N1 Area and N2 Area (µV·s), respectively ( Figure 1D ). The latency for the N1 of all analysis sites across three sleep periods was 25 ± 12 ms (mean ± standard deviation) and that for the N2 peak was 192 ± 57 ms. To extract nonphase-locked, induced responses, 18 we first subtracted evoked (phase-locked) responses, namely the CCEP of the corresponding ECoG data set, from epochs in each sleep stage. The epoch window was the same as that used for CCEP analyses, that is, −300 to +700 ms from the stimulus onset. Epochs in the same sleep stage were then processed by shorttime Fourier transform (STFT) with a Hann window using in-house scripts in Matlab software (version 2013a, MathWorks, Natick, Massachusetts, USA) to extract stimulation-induced HGA of CCEPs. We used a 20-ms Fourier transform window for N1-related HGA analysis, and the center locations of the windows were set every 5 ms. Stimulus artifacts could last up to 3-4 ms after the stimulus onset. 20 In this way, the estimated activity in the 15-ms bin or later was free from stimulus artifacts, although the frequency resolution was as large as 50 Hz. We carefully chose bins between 15 ms and P2 for the subsequent analyses so that the 20-ms Fourier window neither overlapped with the stimulus artifact nor included an N2-related HGA (after P2) in all patients. For each time bin, the log-transformed power change in each frequency was compared with the power at baseline. The power changes in three frequency bins (100, 150, and 200 Hz) were then averaged for each time bin. Next, the stimulation-induced HGA of the CCEPs was averaged for each period in the same way as averaged CCEPs.
The value that appeared at the nearest time bin to the N1 peak was then selected as N1 HG [dB] . When the N1 peak latency was less than 15 ms, the value at 15 ms was used for N1 HG because the data before 15 ms could contain large stimulation artifacts.
The STFT was performed using a 40-ms window for N2-related HGA to gain a better frequency resolution (25 Hz). The log-transformed power change after stimulation compared to the mean power during the baseline in frequency bins 100, 125, 150, 175, and 200 Hz was averaged for each time bin. The mean of the results was obtained for each period in the same way as N1-related HGA. For the representative indices of HGA corresponding to N2 Area , the minimum/maximum values after P2 (N2 HG_min , N2 HG_max [dB]) were calculated regardless of their magnitude based on the previous study. In the daytime, a 1-Hz SPES (alternating polarity, 4-12 mA) was applied to several pairs of electrodes to map connectivity. ECoGs were averaged time locked to the stimulus (analysis window: −300 ~ +700 ms) offline. One or two stimulus sites away from the epileptic focus were selected for the sleep study in each patient, based on the presence of discrete CCEP responses in adjacent and/or distant regions (wakefulness, phasic REM, and tonic REM sleep). Only the response sites showing the most discrete N1 (first sharp component) and N2 (second slow component) responses, that is, the site of maximum adjacent and remote CCEP fields, were chosen as analysis sites. (C) Among REMs (rapid eye movements), the point exceeding three standard deviations of amplitude during consecutive REM sleep (dotted line) sessions were marked in the EOG recording. The trials within 2 seconds before/after the mark were analyzed as the phasic REM period (black arrow); the period immediately before and after a phasic REM period (including the same number of trials as the phasic REM period) was considered the tonic REM period (gray arrow) for analysis. (D) Five indices were used for analysis. The troughs or positive sharp reflections before and after the N1 peak were termed P1 and P2, respectively. Each index is highlighted by a rectangle: CCEP sizes (area under the curve) of N1 and N2 (N1 Area and N2 Area ); their high gamma activities (HGA: 100-200 Hz) counterparts (N1 HG , N2 HG_min , and N2 HG_max ). (A), (B), and (D) modified, with permission, from Usami K, et al. 2015 21 . ECoG = electrocorticogram; EOG = electrooculogram; SPES = single-pulse electrical stimulation.
Statistical Analysis
Our null hypothesis was that any CCEP indices do not differ among wakefulness, p-REM, and t-REM. Therefore, we first investigated whether any difference exists among the three stages in each of the five indices (N1 Area , N2 Area , N1 HG , N2 HG_min , and N2 HG_max ) by Friedman test. Second, post hoc Wilcoxon signed-rank tests were performed and their effect sizes (r) were also calculated. We used nonparametric statistical tests because we did not assume that each data we selected for analysis came from a normal standard distribution. The p-value threshold used was .05. We corrected for multiple comparisons by Holm's method. Our previous study showed that the local properties of the electrical stimulation and the degree of stimulus intensity did not affect how CCEP indices are modulated across sleep stages including REM sleep. 21 Therefore, all the analysis sites were combined as a group for the statistical analysis.
RESULTS

p-REM Is Closer to Wakefulness Than t-REM
We applied SPES to seven sites across seven patients who were eligible for this study and analyzed a total of 16 response sites. We measured five CCEP indices at each analysis site ( Figure 1D ): CCEP sizes of N1 and N2 (N1 Area and N2 Area ) and their HGA counterparts (N1 HG , N2 HG_min , and N2 HG_max ) and performed statistical analysis for each of them (Figure 2) . First, we confirmed that a significant difference existed among wakefulness, p-REM, and t-REM in N2 HG_min (N1 Area , p = .939; N2 Area , p = .0284; N1 HG , p = .269; N2 HG_min , p = .0005; and N2 HG_max , p = .0681, Friedman test. The indices except for N2 HG_min were all rejected by Holm's method). Statistical analysis in N2 HG_min showed significant differences among all the three stages (wakefulness vs. p-REM, p = .003, r = 0.75; wakefulness vs. t-REM, p = .0006, r = 0.79; p-REM vs. t-REM, p = .017, r = 0.59; Wilcoxon signed-rank test. Holm's method did not reject any p-values). With respect to this index, p-REM was closer to wakefulness than t-REM although p-REM and wakefulness are still different.
DISCUSSION
Our previous work has shown that SPES induces a decrease in HGA following an initial HGA increase at the N1 peak, and this HGA decrease is potentiated during sleep stages with respect to that during wakefulness. 21 Based on the integrated information theory 22 and the notion that HGA reflects increases in neuronal synchrony as well as firing rates, 17 we argued that neuronal activity induced by exogenous input is more suppressed during sleep than during wakefulness, leading to decreased integration of information and a state of unconsciousness. In this study, we explicitly defined p-REM (±2 seconds within significantly outstanding REM) and isolated SPES-induced responses during p-REM and t-REM (periphasic REM) separately. Next, we analyzed the dynamic change in those responses during REM sleep over all available cortical areas without limiting the analysis to motor or memory systems. We observed that the cortical responses to exogenous input are significantly different among wakefulness, p-REM, and t-REM only in the index of N2 HG_min , HGA (100-200 Hz) decrease following its increase at N1 peak. Although both REM sleep stages showed stronger HGA suppression than during wakefulness, its suppression during p-REM was weaker than during t-REM. In that respect, p-REM slightly approached wakefulness. We did not have any analysis sites in the visual cortex. A previous ECoG report showed that during p-REM sleep and wakefulness, REM-related highgamma modulations (activation followed by deactivation or vice versa) involved visual pathways. 27 Then the presence of frequent REM occurrence could have influenced high-gamma power during p-REM sleep and wakefulness if we had recorded SPES-induced HGA in the visual pathways. Therefore, we think our results revealed the change of cortical excitability during p-REM that is not directly associated with visual pathways.
During bursts of REM in this study, input to one cortical area travels via corticocortical connections and evokes increased neuronal activity in the connected cortex, followed by less suppression of that area, than during the timing out of bursts of REM. The weaker suppression might enable easier conduction of information, approaching the degree observed during wakefulness. It suggests that the dynamic change of cortical excitability occurs over bursts of REM within seconds. This change may produce temporally separated packets of incomplete cortical networks across bursts of REM, leading to dreaming, which is considered partially recovered consciousness.
Ponto-geniculo-occipital (PGO) waves, which are often associated with REM during REM sleep, have been recorded from the pons, lateral geniculate, and the cortex in animal studies 28, 29 and are thought to reflect specific neural processes during this period. Moreover, characteristic cortical potentials associated with possible PGO waves have been recorded with scalp electrodes in humans. 30, 31 Thus, our result during p-REM might have been influenced in part by PGO waves. Next, what alters the cortical excitability during REM? Evidence supports the key role of cholinergic drive from the forebrain and midbrain in REM sleep, when other cortical neuromodulators, serotonin, and norepinephrine are suppressed. 29 The membrane potential and firing rates of cortical neurons during REM sleep are similar to those observed during wakefulness. 32 With these findings in mind, we think our results can be attributed to the instability of cholinergic drive during REM sleep.
A few limitations of our study must be considered. First, the participants of the study were patients with intractable partial epilepsy, and all of them were on antiepileptic drugs during the recordings. This may have caused different states of cortical excitability and connectivity from those in healthy volunteers. Second, we employed a limited number of analysis sites across all the patients and pooled the data for our analysis. However, we focused on sites that had definite connectivity to a stimulation site (the site showing maximum response of each isolated CCEP field) to obtain generally robust results. More data would have clarified the effects of the location of stimulus or analysis sites, although it was beyond the scope of our study. Finally, we cannot infer the causality of the relationship between the CCEP indices and REM itself. Further neurophysiological studies combined with neurochemistry can determine the causal relationship, if any, between acetylcholine, the change of cortical activities and p-REM during REM sleep.
